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Abstract
Purpose: This study aimed to investigate the clinical signi�cance of residual hyperintensity on T2-
weighted magnetic resonance imaging in patients with glioblastoma (GB) without enhanced lesions at
the end of initial treatment with debulking surgery and concomitant radiotherapy and temozolomide.

Methods: Among 185 GB cases, 80 cases without enhanced lesions at the end of initial treatment and
without factors modifying the distribution of residual hyperintense area or pattern of recurrence were
included. We retrospectively reviewed the relationship of residual hyperintense area after initial treatment
with progression-free survival (PFS), overall survival (OS), and pattern of recurrence.

Results: In these 80 cases, the median PFS and OS were 12.0 and 37.5 months, respectively. At the end of
initial treatment, 53 (66.3%) cases had residual hyperintense lesions (T2 residual group, T2R), whereas 27
(33.8%) showed no hyperintensity (T2 vanished group, T2V). Based on univariate and multivariate
analyses, the residual hyperintense area after initial treatment was not a prognostic factor for PFS or OS.
Distant recurrences occurred more frequently in the T2V group than in the T2R group (47.6% vs. 12.8%).
In the T2R group, the recurrence site coincided with the residual hyperintense area in 32 (80.0%) of 40
recurrences.

Conclusion: In GB cases without enhanced lesions at the end of initial treatment, the complete
disappearance of the residual hyperintense area after initial treatment does not indicate a favorable
outcome. Additionally, distant recurrences should be considered in T2V group and local recurrences
should be considered in T2R group.

Introduction
Glioblastoma (GB) is one of the most malignant brain tumors. It is recommended to treat such tumors
via maximal safe resection of enhanced lesions on gadolinium-enhanced T1-weighted magnetic
resonance (MR) imaging (Gd-T1WI) along with adjuvant temozolomide and radiotherapy [1,2]. However,
the associated median survival time is only 14.6 months [3]. A reason for this poor outcome is that tumor
cells in�ltrate into the surrounding brain beyond the enhanced lesion. As 77.8%–87.5% of cases recur
within a 3-cm margin of the resected cavity [4,5],local control is important to improve treatment
outcomes.

Total resection of enhanced lesions on Gd-T1WI contributes to local control [6]. To improve local control
in GB cases undergoing total resection of enhanced lesions, neurosurgical and radiotherapeutic
approaches targeting hyperintense areas surrounding enhanced lesions on T2-weighted MR imaging
(T2WI) or �uid-attenuated inversion recovery (FLAIR) imaging have been developed. Previous research
has shown the advantage of extensive resection of hyperintense areas surrounding enhanced lesions on
FLAIR imaging, i.e., “supratotal resection,” [7-10] as well as additional intensi�ed
radiotherapy in hyperintense areas on FLAIR imaging [11,12]. However, due to the eloquence and/or large
volume of lesions, these treatments can be di�cult to perform [7-9,11,13]. For example, according to a
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previous study, resection of 90%–100%, >53.3%, and >20% of hyperintense lesions was only achieved in
6.9%, 24.5%, and 66.2% of cases, respectively [8,9]. In 10% of cases, boosting gamma knife
radiosurgery in hyperintense lesions caused treatment-related symptoms and a decline
in the performance status [12].

To safely and effectively treat hyperintense lesions on T2WI, it is important to identify the high-risk area
for recurrence. Preoperative detection of the high-risk area is the most promising approach because the
results can be applied to treatment strategies such as extensive resection or intensive
radiotherapy [11]. Recent studies have shown that multiparameter MR imaging as well as 11C methionine
and 18F-�uoroethyl-L-tyrosine positron emission tomography can accurately predict the recurrence site
with a positive predictive value ranging from 60.0% to 79.0% [11,14-16].

In this study, we clari�ed the signi�cance of residual hyperintense lesions on T2WI in patients with GB
who did not have an enhanced lesion at the end of initial treatment with debulking surgery and
concomitant radiotherapy and temozolomide. It is hypothesized that the residual hyperintense area on
T2WI, which is independent of the enhanced lesion due to residual and progressive disease at the end of
initial treatment, re�ects the high-risk area for recurrence in newly diagnosed GB
cases. Performing estimation at this time point has three main advantages. First, the vasogenic edema
caused by the enhanced lesion due to increased permeability of the vasculature and compression of
venous drainage [17,18] could be resolved with debulking surgery, followed by radiotherapy and
temozolomide administration. Second, estimation after initial treatment can assess not only the
distribution of in�ltrating tumor cells but also the in�ltrating area that is resistant to radiation
and temozolomide [19]. Third, improved brain shift caused by the enhanced lesion allows for validation
of the anatomical relationship between hyperintense area and recurrence (Supplementary Fig. 1). Based
on this hypothesis, we aimed to assess whether the hyperintense area on T2WI after initial
treatment can predict the pattern of recurrence and outcome in patients with GB who did not have
enhanced lesions due to residual or progressive enhanced disease.

Methods
This retrospective study was approved by the Institutional Review Board committee of Tohoku University
Hospital (2021-1-393), and participants were given the option to opt out of this study.

Patients

In this study, patients with adult supratentorial GB with the wild-type isocitrate dehydrogenase gene were
recruited according to the World Health Organization classi�cation of central nervous system tumors, 5th
edition [20]. These patients had undergone debulking surgery at our department between January 2008
and December 2019, and the follow-up data until March 2022 were analyzed [4,21]. We reviewed T2WI,
T1WI, Gd-T1WI, and diffusion-weighted images obtained before resection, within 72 h after resection, at
the end of initial treatment, and at recurrence. Based on Gd-T1WI with regard to the �ndings of diffusion-
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weighted images, we determined the clinical signi�cance of the enhanced lesion to discriminate the
residual tumor from the surgical damage, including the in�uence of carmustine wafers, ischemic
complications. The linear, rather than nodular, enhancement around the resection cavity was regarded as
a reactive change to carmustine wafer implantation [22]. Only patients who did not have residual or
progressive enhanced lesions at the end of initial treatment with concomitant radiotherapy and
temozolomide were included to investigate the signi�cance of hyperintense areas on T2WI. The
enhancement, which highly indicated pseudoprogression, was also excluded due to the di�culty in
discriminating it from true progression and the signi�cant edema caused by this entity [23]. Additionally,
we excluded cases that showed factors modifying the distribution of hyperintense area on T2WI as
shown in Fig. 1. 

Treatment and follow-up

All patients received concomitant radiotherapy (60 Gy) and temozolomide (75 mg/m2/day), followed by
adjuvant temozolomide. During this period, the hyperintense area on T2WI was included in the radiation
�eld. From January 2008 to September 2013, radiotherapy consisted of 30 Gy of whole-brain
radiotherapy (2.0 Gy/fraction), followed by 30 Gy of extended local accelerated hyperfractionated
radiotherapy (1.5 Gy/fraction, twice daily) to the primary site. Patients were treated with 60 Gy of
radiation to the local site (2.0 Gy/fraction) after October 2013 [18]. Subsequently, patients
were administered adjuvant temozolomide until progression, until 12 months in principle even in the
absence of progression, and until a maximum of 24 months in the absence of progression. During and
after adjuvant temozolomide administration, patients were followed up via MR imaging every 2 months
for 3 years and every 3 months thereafter.

Radiological assessment

Based on T2WI and Gd-T1WI �ndings after initial treatment with concomitant radiotherapy and
temozolomide, the patients were classi�ed into two groups: residual hyperintense area on T2WI (T2R)
group (cases with a residual hyperintense area around the resection cavity on T2WI) and vanished
hyperintense area on T2WI (T2V) group (cases with no hyperintensity on T2WI). Local recurrence
indicates lesions located within a 3-cm margin of the resected cavity [4,5], whereas distant recurrence
indicates lesions located >3 cm away from the resected cavity margin or leptomeningeal disease.

In the T2R group, the residual hyperintense area on T2WI at the end of initial treatment was
compared with the site of recurrence. Based on the anatomical relationship of the newly developed
enhanced lesion with the site of the residual hyperintense area on T2WI, the recurrence patterns were
divided into three categories: local recurrence within the residual hyperintense area on T2WI (Fig. 2), local
recurrence at sites other than the residual hyperintense area on T2WI (Fig. 3), and distant recurrence (Fig.
4). These data were analyzed by two quali�ed neurosurgeons (Y. Shimoda and M. K.) who were blinded
to the patient’s clinical data.

Clinical and radiological data
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Patient clinical data, including age, sex, tumor location, recursive partitioning analysis classi�cation for
GB [24], maximum tumor diameter, and extent of resection, were retrospectively collected from medical
records. The methylation status of the O6-methylguanine–methyltransferase (MGMT) gene promoter
was assessed as previously described [25-27]. Brie�y, DNA was extracted using QIAamp DNA Mini Kit
(Qiagen, Valencia, U.S.). After sodium bisulfate modi�cation using Methylamp 96 DNA Modi�cation Kit
(EpigenTec, Framingdale, U.S.), DNA was ampli�ed via polymerase chain reaction using primer
sequences speci�c to unmethylated or methylated promoter sequences [26]. DNA fragments were
separated on 4% agarose gels and visualized with ethidium bromide.

Statistical analysis

Student’s t-test was used to compare two groups of parametric data; Wilcoxon rank-sum test was used to
compare two groups of nonparametric data; Kruskal–Wallis test was used to compare three groups of
nonparametric data; and Fisher’s exact test was used to compare proportions. Progression was de�ned
as neurological and radiological deterioration requiring salvage or active treatment termination.
Progression-free survival (PFS) was de�ned as the time from the day of debulking surgery to the day of
progression or last follow-up without recurrence, whereas overall survival (OS) was de�ned as the time
between the day of debulking surgery and death or last follow-up. To examine the effect of the residual
hyperintense lesion on local control, local PFS rates were also compared. They were calculated using
Kaplan–Meier survival curves and compared using log-rank test. For multivariate analysis, the Cox
proportional hazard model was used to analyze PFS, local PFS, and OS, thus controlling for age, recursive
partitioning analysis classi�cation for GB, extent of resection, carmustine wafer implantation, whole-brain
radiotherapy, methylation status of MGMT promoter, and residual hyperintense area on T2WI at the end
of initial treatment. All statistical analyses were performed using JMP Pro 16.0 (SAS Institute Japan Inc.,
Tokyo, Japan). A two-tailed p-value of <0.05 was considered to indicate statistical signi�cance.

Results
Patient characteristics

Between 2008 and 2019, 185 patients underwent debulking surgery for enhanced lesions at our
department, with 69 patients having enhanced lesions due to residual or progressive disease or
suspected pseudoprogression at the end of initial treatment. All cases did not receive corticosteroid after
initial treatment. After excluding 36 cases, 80 cases were included in this study (Fig. 1). The follow-up
period ranged from 8.2 to 84.0 (median, 25.4) months. The median PFS and OS were 12.0 and 37.5
months, respectively. The 5-year PFS and OS rates were 18.2% and 26.2%, respectively. These �ndings
suggest that patients who did not have enhanced lesions at the end of their initial treatment showed a
favorable prognosis.

Classi�cation based on T2WI and Gd-T1WI images after initial treatment
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The T2V and T2R groups included 27 (33.8%) and 53 (66.3%) cases, respectively. The patient clinical
characteristics are summarized in Table 1. The distribution of the methylation status of MGMT promoter
and tumor location varied between the two groups, without any statistically signi�cant difference. The
methylated MGMT promoter and parietal lesions were frequently observed in the T2R group (Table 1).

Failure pattern in each group

The failure pattern was investigated in both groups. The clinical background and �ndings are
summarized in Supplemental Table 1. In the T2V group, 21 cases (77.8%) showed recurrence at the end
of the follow-up period, with local and distant recurrence (Fig. 4) occurring in 11 (52.3%) and 10 (47.6%)
cases, respectively. Among patients with distant recurrence, seven patients showed distant
parenchymal recurrence, two had leptomeningeal dissemination, and two had ventricle dissemination. In
the T2R group, recurrence occurred in 40 cases (75.5%), with local and distant recurrence occurring in 34
(85.0%) and 6 (15.0%) cases, respectively. Among patients with distant recurrence, �ve patients had
distant parenchymal recurrence and one had ventricle dissemination. Local recurrence occurred more
frequently in the T2R group than in the T2V group (p = 0.012). The anatomical relationship of the residual
hyperintense lesion on T2WI with the recurrence site was investigated. Of the 34 local recurrence cases in
the T2R group, 32 (94.1%) cases showed recurrence in the region corresponding to the residual
hyperintense area on T2WI (Figs. 2 and 3). All recurrences from the hyperintense area
were detected within a 3-cm margin of the resected cavity. These �ndings suggest that the residual
hyperintense area on T2WI at the end of initial treatment can predict the pattern and site of recurrence.

Prognostic signi�cance of T2WI �ndings after initial treatment

To determine the impact of the residual hyperintense area on T2WI images on progression and survival,
the PFS, local PFS, and OS were compared between the two groups. The median PFS, local PFS, and OS
were 12.6, 13.3, and 37.7 months in the T2R group and 10.0, 16.0, and 28.4 months in the T2V group,
respectively, with no statistically signi�cant differences between the two groups (p = 0.93, 0.44, and 0.21,
respectively; Supplementary Fig. 2). As the background, including the methylation status of MGMT
promoter, differed between the two groups (Table 1), a multivariate analysis using the Cox proportional
hazard model was performed. The residual hyperintense area on T2WI was not a prognostic factor for
PFS, local PFS, or OS (Supplemental Table 2), suggesting that the residual hyperintense area on T2WI
after initial treatment does not indicate poor outcomes.

Discussion
This study evaluated the signi�cance of the residual hyperintense area on T2WI without
enhanced lesions at the end of initial treatment with concomitant radiotherapy and temozolomide. When
the hyperintense area was present on T2WI, 80.0% of recurrences occurred within
the hyperintense lesion. However, when the hyperintense area on T2WI vanished, distant recurrence was
frequently observed. The �nding of hyperintense lesions on T2WI at the end of initial treatment provides a
simple method for predicting the pattern and location of recurrence associated with a high risk. Despite
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differences in study design and intervention at the high-risk site, the accuracy of predicting recurrence site
in this study was superior to that of 11C-methionine and 18F-�uoroethyl-L-tyrosine positron emission
tomography before radiotherapy; preoperative apparent diffusion coe�cient map; and preoperative
machine learning of T2WI, enhanced T1WI, and apparent diffusion coe�cient maps [11,14-16,28].

The distribution of the hyperintense area on T2WI may be modi�ed by the anatomical characteristics of
the tumor location; GB nature, including sensitivity to radiation and temozolomide; and initial treatment.
In this study, the tumor location and methylation status of MGMT promoter differed between the two
groups. The hyperintense area did not disappear in 93.3% of parietal lobe lesions. Several recent studies
have reported the relationship between tumor location and biological characteristics of GB. In GB cases
developing enhanced lesions within 6 months after treatment, true progression often occurred in cases of
parietal lobe lesions, whereas pseudoprogression frequently occurred in cases of other lesion locations
[29]. These �ndings could aid in predicting the subsequent clinical course during the early phase of
treatment. Further, MGMT promoter methylation was observed at a high rate in the T2R group. As MGMT
methylation was a predictive factor for sensitivity to TMZ, a high proportion of cases with MGMT
promoter methylation in the T2R group may be a contradictory �nding. However, the methylation status
of the residual lesion on T2WI was not assessed in this study. Wegner et al. collected multiple samples of
GB and analyzed the methylation status of MGMT promoter. In that study, two of the four cases with
MGMT promoter methylation also had a lesion with an unmethylated gene promoter within the same
tumor [30]. Therefore, the residual hyperintense area may re�ect residual lesions after initial treatment
due to methylation heterogeneity. The therapeutic factors modifying the hyperintense area include
surgical procedures, carmustine wafer implantation, and radiotherapy. Among them, the effect of
carmustine wafers should be considered while interpreting the results [31]. According to previous studies,
perifocal edema occurred in 12.5%–25% of cases with malignant glioma [32,33], and its volume
increased at 1–4 weeks after implantation and decreased at 5–8 weeks to the same level as observed in
cases without carmustine wafers [32]. As the timing of evaluation in this study was delayed
(approximately 2 months after implantation), the effect of carmustine wafers on the distribution of
hyperintense areas may be modest.

Similar to our study, Grossmann et al. focused on the residual hyperintense area on FLAIR
imaging 3 months after resection and investigated the relationship between the volume of the residual
hyperintense area and treatment outcome [19]. Their study differs from the current study in that it
included cases with enhanced lesions that appeared 3 months after resection. They revealed that the
residual volume of the hyperintense area on FLAIR imaging 3 months after surgery, but not before or
immediately after surgery, correlated with prognosis. Their �ndings were valuable in determining the
prognostic signi�cance of the hyperintense lesion 3 months after resection. However, as their study
included cases with enhanced lesions due to residual or progressive disease, the obtained prognostic
signi�cance may be overestimated. To assess this signi�cance without the in�uence of enhanced
lesions, cases with such enhanced lesions at the end of initial treatment were excluded in the present
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study. Consequently, based on univariate or multivariate analysis, the residual hyperintense area at the
end of initial treatment did not indicate a worse PFS or OS rate.

The T2R and T2V groups showed the same recurrence time, but the recurrence patterns were signi�cantly
different, possibly due to different recurrence mechanisms. In the T2R group, residual hyperintense
lesions represent areas of dense tumor cells that are resistant to initial therapy, based on methylation
heterogeneity [30]. In contrast, tumors in the T2V group contain sparse but extensive in�ltrative cells
around the enhanced lesion that are not detectable on T2WI [34], and recurrence develops from in�ltrative
cells outside the radiation �eld.

This study has certain limitations. First, the number of cases with distant recurrence was limited.
Therefore, we could not identify patient clinical characteristics to predict distant recurrence. These
predictors are important to develop personalized strategies to prevent distant recurrence, which leads to
poor outcomes [35]. Second, compared with voxel-based quantitative analyses, rigorous estimation was
not achieved via qualitative analysis in this study [14,15]. Instead, the timing of initial
treatment completion minimized the anatomical displacement (Supplementary Fig. 1), allowing us to
elucidate the anatomical relationship between residual hyperintense sites and recurrence.

Based on these �ndings, second-look surgery, salvage radiotherapy in the residual hyperintense area, or
local convection-enhanced delivery of chemotherapeutic agents [36] may improve the local control of GB
in the T2R group with minimal complications. Additionally, novel treatments that focus on preventing
distant recurrence rather than local control can improve outcomes in the T2V group. Accordingly,
multicenter, prospective studies can reveal de�nitive and clinical signi�cance of residual hyperintense
area on T2WI after treatment as well as provide useful information for developing salvage treatment after
initial treatment with radiotherapy and temozolomide for GB.

Conclusions
In this study, 66.3% of cases had a residual hyperintense area on T2WI despite the absence of enhanced
lesions due to residual or progressive disease at the end of initial treatment with radiotherapy and
temozolomide. This �nding did not indicate a poor prognosis. In 80.0% of cases with residual
hyperintense areas on T2WI, recurrence occurred within the hyperintense lesion. Distant recurrence
occurred more frequently in the T2V group. The �nding of T2WI at the end of initial treatment was useful
in predicting the pattern and site of recurrence.
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Table 1. Clinical characteristics of 80 cases with no enhanced areas at the end of the initial
treatment with radiation and temozolomide 

  Total T2V
group 

(n =
27)

T2R
group 

(n = 53)

P-
value

Number of cases (%) 80 27
(33.8)

53
(66.2)

 

Age at the initial treatment (years)  Mean (SD) 60.2
(13.1)

57.4
(15.6)

61.6
(11.4)

0.18a

Sex (n, %) Male  46
(57.5)

19
(70.4)

27
(50.9)

0.15b

  Female 34
(42.5)

8
(29.6)

26
(49.1)

Lesion at the left hemisphere (n, %) Left 44
(55.0)

14
(51.9)

30
(56.6)

0.80b

  Right 36
(45.0)

13
(48.2)

23
(43.4)

RPA classi�cation (n, %) III 9
(11.3)

5
(18.5)

4 (7.8) 0.32b 

  IV 26
(32.5)

9
(33.3)

17
(32.1)

  V 45
(56.3)

13
(48.2)

32
(60.4)

Extent of resection GTR 63
(78.8)

20
(74.1)

43
(81.1)

0.47b

  Non-GTR 17
(21.2)

7
(25.9)

10
(18.9)

Implantation of carmustine wafers Yes 27
(33.7)

7
(25.9)

20
(37.7)

0.33b 

  No 53
(66.3)

20
(74.1)

33
(62.3)

Methylation status of the MGMT gene
promoter (n, %)*

Methylated 43
(55.8)

10
(37.5)

33
(63.5)

0.087b

  Unmethylated 34
(44.2)

15
(62.5)

19(36.5)

Tumor maximal diameter (mm)  mean (SD) 47.4
(15.8)

48.9
(17.5)

46.7
(15.1)

0.56c

Tumor location (n, %)   Frontal 23 8 (30) 15 0.085b
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(28.8) (28.3)

    Temporal 35
(43.8)

15
(55.6)

20
(37.7)

    Parietal 15
(18.8)

1 (3.7) 14
(26.4)

    Occipital 3 (3.8) 1 (3.7) 2 (3.8)

   Others 4 (5.0) 2 (7.4) 2 (3.8)

Abbreviations: RPA, recursive partitioning analysis; MGMT, O6-methylguanine-methyltransferase;
SD, standard deviation; GTR, gross total resection of the enhanced lesion; T2V and T2R, vanished
and residual hyperintense areas on T2-weighted magnetic resonance imaging at the completion of
initial treatment with radiation and temozolomide, respectively; a, Student’s t-test; b, Fisher’s exact
test; c, Wilcoxon rank-sum test; *, data for MGMT methylation status were missing in three cases.

Figures

Figure 1

Patient selection criteria for this study
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Figure 2

A representative case of local recurrence occurred within the residual hyperintense area on T2-weighted
magnetic resonance imaging (T2WI) after initial treatment with radiotherapy and temozolomide

A 60-year-old man was diagnosed with right temporal glioblastoma. T2WI (upper panels) and
gadolinium-enhanced T1WI (Gd-T1WI; lower panels) are shown before (a) and immediately after total
resection of the enhanced lesion (b), completion of initial treatment (c), and recurrence 5 months after
tumor resection (d). Asterisks in A indicate the hyperintense area that diminished after initial treatment
with radiotherapy and temozolomide. The arrows in (c) and arrowheads in (d) represent the residual
hyperintense area on T2WI after initial treatment and newly developed enhanced area at recurrence,
respectively.
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Figure 3

A representative case of local recurrence in a region other than the residual hyperintense area on T2-
weighted magnetic resonance imaging (T2WI) after initial treatment

A 62-year-old woman was diagnosed with left parietal glioblastoma. T2WI (upper panels) and
gadolinium-enhanced T1WI (Gd-T1WI; lower panels) are shown before surgery (a), after completion of
initial treatment (b), and recurrence at 26 months after tumor resection (c). The arrows in (b) and
arrowheads in (c) represent the residual hyperintense area on T2WI after initial treatment and newly
developed enhanced area at recurrence, respectively. The anatomical location of the residual
hyperintense area at the end of initial treatment and recurrence was inconsistent.
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Figure 4

A representative case with a hyperintense area on T2WI that completely vanished after initial treatment
with radiotherapy and temozolomide, followed by the development of distant recurrence

A 37-year-old man was diagnosed with left temporal glioblastoma. T2WI (upper panels) and gadolinium-
enhanced T1WI (Gd-T1WI; lower panels) are shown before (a) and immediately after total resection of the
enhanced lesion (b), completion of initial treatment with radiotherapy and temozolomide (c), and
recurrence 5 months after tumor resection (d). The hyperintense area on T2WI completely vanished
(asterisks in a and b), and a distant recurrence developed at the cerebellum (arrowheads).
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